Abstract. The introduction in the clinical practice of several new approaches to cancer immunotherapy has greatly increased the interest in analytical methodologies that can define the immunological profile of patients in the clinical setting. This requires huge effort to obtain reliable monitoring tools that could be used to improve the patient's clinical outcome. The clinical applications of flow cytometry (FCM) in oncology started with the measurement of DNA content for the evaluation of both ploidy and cell cycle profile as potential prognostic parameters in the majority of human solid cancer types. The availability of monoclonal antibodies widely broadened the spectrum of clinical applications of this technique, which rapidly became a fundamental tool for the diagnosis and prognosis of malignant hematological diseases. Among the emerging clinical applications of FCM, the study of minimal residual disease in hematological malignancies, the quantification of blood dendritic cells in various types of tumors, the study of metastatic spread in solid tumors throughout both the analysis of circulating endothelial progenitor cells and the identification and characterization of circulating tumor cells, all appear very promising. More recently, an advanced single cell analysis technique has been developed that combines the precision of mass spectrometry with the unique advantages of FCM. This approach, termed mass cytometry, utilizes antibodies conjugated to heavy metal ions for the analysis of cellular proteins by a mass spectrometer. It provides measurement of over 100 simultaneous cellular parameters in a single sample and has evolved from a promising technology to a high recognized platform for multi-dimensional single-cell analysis. Should a careful standardization of the analytical procedures be reached, both FCM and mass cytometry could effectively become ideal tools for the optimization of new immunotherapeutic approaches in cancer patients.
Introduction
Anticancer immunotherapy has represented a revolution in the field of cancer therapy and has become a valuable option for many patients (1, 2) , but immune parameters that can measure antitumor immune response are still lacking (3, 4) .
It is technically challenging to translate the principles of cancer immunotherapy into clinical practice; with the development of immune monitoring assays being particularly problematic. In this review paper we focus on automated cytometric techniques (5, 6) .
In the 1960s, flow cytometry (FCM) was introduced as an analytical technique able to measure various characteristics of single cells in suspension following excitation with a light source (7, 8) . In clinical oncology, it was firstly used for the study of DNA content for cell ploidy and proliferation activity determination (9) . The discovery of monoclonal antibodies (moAbs) together with the introduction of new fluorescent dyes with narrow excitation and emission spectra, allowed for a wide application of this technology, especially in hematological oncology (10, 11) . In recent years, the application of FCM for analysis of the so called 'rare events', such as the presence of residual leukemic blasts in the bone marrow after treatment, the blood dendritic cells or those cell types that correlated with a metastatic event, such as endothelial progenitor cells and circulating tumor cells, has become more and more promising (12) (13) (14) .
The role of automated cytometry in the new era of cancer immunotherapy (Review)
Recently, a new analytical approach, called mass cytometry, which combines the precision of mass spectrometry with the power of flow cytometric analysis, has been developed. The application of this technique is expected to answer a multitude of biological questions with a single sample and it will significantly enhance our ability to evaluate complex cellular systems with unique opportunities for biomarker development. However, at the moment the quantity and complexity of data obtained with this technology requires some analytical considerations (15, 16) .
In this paper, we briefly review some of the current clinical applications of FCM in Oncology and we discussed the potential of both FCM and mass cytometry in the field of immuno-oncology.
Cancer immunotherapy today
Cancer immunotherapy is a treatment that enhances the patient's immune system to make it capable of killing tumor cells. After years of mixed results, with hopes dashed by failures in the field of immuno-oncology, the role of immunotherapy as an effective anticancer therapy has been established (17) . The success of immunotherapy depends on the combination actions of host immune cells and tumor microenvironment, and because of the complexity of these mechanisms, a deeper knowledge of these aspects will contribute to make immunotherapy more effective.
Cancer immunotherapies are based upon several strategies that range from stimulating effector mechanisms to inhibiting suppressive ones. Strategies to prompt activation of effector immune cells include vaccination with tumor antigens or amplification of antigen presentation mechanisms to increase the ability of the patient's immune system to produce an immune response against cancer cells (18) . Additional stimulatory strategies include adoptive cellular therapy (e.g., administering immunocompetent cells directly to patients), the administration of oncolytic viruses for the initiation of systemic antitumor immunity, and the use of Abs that enhance T cell activity (19) . Strategies to stop immunosuppressive mechanisms include some types of chemotherapy, the use of Abs as a mean to switch off regulatory T cells, and the use of antibodies against immune-checkpoint molecules, such as CTLA-4 and programmed cell death protein 1 (PD-1)/PD-ligand 1 (PD-L1) (20) . Several cancer immunotherapies of these classes have been recently approved and durable benefit with manageable toxicity can be achieved.
Ipilimumab, a fully human immunoglobulin G1 (IgG1) MoAb, was the first targeted, anti-CTLA-4, checkpoint inhibitor. Data obtained from the randomized study showed that Ipilimumab significantly increased the lifespan of the melanoma patients. Ipilimumab was the first therapy to demonstrate a survival benefit for patients with metastatic melanoma (21) , and it was approved by the US Food and Drug Administration (FDA) for the treatment of advanced melanoma in 2010 (22) . More impressive than the mean survival benefit was the effect of Ipilimumab on long-term survival: 20.8% of ipilimumab plus dacarbazine treated patients survived more than three years compared with 12.2% of patients receiving Dacarbazine only survived same time (23) . The first clinical study of PD-1 blockade for solid tumors began in 2006, using a human MoAb against PD-1 (Nivolumab). It was initially tested in patients with previously untreated metastatic melanoma p without v-Raf murine sarcoma viral oncogene homolog B (BRAF) mutation: 72.9% patients in the Nivolumab-arm achieved a 1 year-overall survival rate, a much higher rate than the 42.1% registered in the Dacarbazine-arm (as well as a longer progression-free survival) (24) . Data obtained from clinical trials conducted in non-small cell lung cancer (NSCLC) patients showed a cancer regression rate of about 6-17%, a significant increase in survival rates (e.g., 1-and 2-year survival rates of 62 and 43%, respectively for melanoma or 1-and 2-year survival rates of 42 and 23%, respectively for lung cancer) (25) , and a durable partial or complete response in a significant portion of treated cancer pts (26) .
Pembrolizumab, another PD-1 blockade antibody, has been approved for NSCLC with over 50% PD-L1 expression as a first line therapy (27) . In a phase 3 trial conducted by Rek and Colleagues, 305 patients, with previously untreated advanced NSCLC with PD-L1 expression on at least 50% of tumor cells and no sensitizing mutation of the epidermal growth factor receptor gene or translocation of the anaplastic lymphoma kinase gene, were randomized to receive either Pembrolizumab (at a fixed dose of 200 mg every 3 weeks) or the investigator's choice of platinum-based chemotherapy. The median progression-free survival time was 10.3 months in the Pembrolizumab group vs. 6.0 months in the chemotherapy group. The response rate was higher in the Pembrolizumab group than in the chemotherapy group (44.8 vs. 27.8%), and the median duration of response was longer (not reached vs. 6.3 months) (28) .
On the other side of PD-1/PD-L1 axis, Atezolizumab, a PD-L1 inhibitor, demonstrated significant activity in previously treated NSCLC patients, where it produced a median overall survival of 11.4 months vs. 9.5 months in Docetaxel-treated patients (29) . Improved efficacy was observed with increasing PD-L1 expression: In fact, patients with the lowest PD-L1 did not appear to benefit from Atezolizumab treatment. Atezolizumab is being further assessed as first line treatment in PD-L1+ locally advanced or metastatic NSCLC pts, and vs. Docetaxel as second-or third-line treatment in locally advanced or metastatic NSCLC pts (30) .
However, effective patient selection tools have not always accompanied this impressive clinical development of anti-PD-1/PD-L1 inhibitors (31, 32) . The results of major clinical studies reveal how, despite the remarkable survival benefit obtained with checkpoint inhibition immunotherapy in certain populations, around 40-60% of patients will not benefit from these therapies (33) . Additionally, these treatments are costly and might have some associated toxicities. To date, no such pre-treatment biomarker has been validated to the point of inclusion in standard-of-care therapeutic decision-making, although insights have emerged from the identification of certain post-treatment immune responses that seem to correlate with clinical outcome (34, 35) . Thus, it is imperative to identify valid biomarkers of response that help us in optimizing patient selection (36) . Given the dynamic nature of the immune system and the multiple elements involved in the complex immune response against cancer, developing biomarkers for immunotherapy is more challenging than developing biomarkers for targeted therapy (37-39).
Novel technologies are also needed to support, facilitate, and accelerate the clinical translation of these forms of immunotherapy (40) . Specifically, the technological needs include: i) rapid characterization of the tumor and its immune microenvironment at the time of diagnosis; ii) prediction models of therapy outcome to guide treatment decisions for each patient, and iii) characterization of new tools for treatment.
Flow cytometry in clinical oncology
DNA ploidy and cell cycle analysis. The analysis of nuclear DNA content for the evaluation of both ploidy and cell cycle profile in the large majority of human cancers has been made through FCM for more than 25 years (9, 11, 41) . At the beginning, this type of analysis addressed hematological malignancies but, with the development of reliable tissue disaggregation and staining techniques, together with increasingly sophisticated multiparametric analyses supported by advanced acquisition systems and dedicated software for data elaboration and display, it was extended to almost all solid cancers. In recent years an impressive number of articles have been published on the potential clinical utility of the data derived from analysis of DNA content by FCM, with particular attention to the prognostic value of tumor ploidy and proliferative activity. Early investigations focused on the correlation of these biological characteristics with known prognostic factors, in particular clinical stage and histologic grade. Second-generation studies tried to correlate tumor ploidy and/or proliferative activity with the patient clinical course. From these studies aneuploidy showed important biological implications in many of the more common human malignancies, but it did not always correlate with classical clinical-pathological parameters or with prognosis (9). Alternatively, the critical level of sensitivity of FCM in the detection of the so called near-diploid/aneuploidy prevented from its routine application (42) . Tumor proliferative activity (S-phase fraction) has been studied less extensively, but it might also be an outcome predictor in some tumor types. In addition, through ploidy and proliferative activity measurements, flow cytometric studies have focused on the possibility to provide a biological rationale to assist oncologists in selecting the treatment for some tumors, i.e., to predict the outcome of specific treatment regimens (43, 44) . However, the peculiar technical capabilities of FCM did substantially fail in the above mentioned applications and showed a relatively little impact in clinical oncology. To partially explain this point it must be considered that, both ploidy and proliferative activity should be evaluated by examining tumor specimens from homogeneous patient series within specifically designed clinical trials and this has not always been the case. As a result, we see that the major limitation to an even more extensive clinical application of these data is coming from the sometimes strong lack of concordance between the various studies. If this can be sometimes ascribed to an inadequate design of prospective studies (i.e., insufficient patient number or short follow up), in many cases the discrepancies come from some technical aspects of FCM applications. A large number of studies have been carried out using formalin-fixed, paraffin-embedded tumor specimens that permitted the retrospective analysis of archival specimens. However, there are three potential limitations to the use of the archival material. Firstly, due to fixation-induced variations in flourochrome binding, external diploid standards cannot be utilized to determine which G0/1 peak represents the diploid subpopulation. Secondly, a problem with the use of paraffin-embedded material is that enzymatic digestion, required to produce single-cell suspensions, always results in a variable amount of subcellular debris, which is superimposed to the DNA histogram: if this debris fraction is not taken into account, overestimation of tumor S-phase fraction can occur. Thirdly, the resolution of DNA histograms obtained from paraffin-embedded specimens, as already mentioned, is usually lower than that obtained from fresh material and this increases the risk that aneuploidy tumors with near-diploid DNA content can be misclassified. In summary, despite early optimism, the clinical applications of DNA content analysis by FCM did not show a real impact on the diagnosis of neoplastic diseases or in the determination of prognosis of cancer patients.
Immunophenotypic analysis. One of the most important routine clinical applications of FCM derives from the identification and quantitation of cellular antigens by the use of flourochrome-labelled MoAbs (10) . FCM has the ability to simultaneously evaluate the expression of several Ags, as well as the physical properties (size and cytoplasmic complexity) of individual cells, and to identify both normal and abnormal cell populations.
The identification and classification of cells by the presence of surface antigens began with the revolution of the discovery of T and B cells and has expanded to the analysis of other cell types i.e. monocytes, macrophages and immature myeloid cells. During the 1980s and 1990s FCM became an essential methodology for lineage characterization of immature precursor in hematological neoplasms and it also played an important role for the diagnosis and classification of lymphoid cell neoplasms. Abnormal maturation patterns in myeloid cells have also been used to refine the diagnosis of myelodysplastic syndromes. In the last ten years we have seen impressive advances in flow cytometric instrumentation that, together with the availability of wide range of Abs and fluorochromes, have improved our ability to identify different normal and aberrant cell populations (45, 46) . Flow cytometry in the onco-hematological setting can be applied for determining origin and stage of differentiation of leukemias and lymphomas, detecting early recurrence of hematological malignancies (thus providing prognostic and therapeutic information for patients with lymphoid neoplasms), monitoring chemotherapeutic treatments, and for post-monitoring of bone marrow transplantation procedures. Hence, flow cytometric immunophenotyping has become an indispensable tool for the diagnosis, classification, staging, and therapy monitoring in οnco-hematology (47, 48) .
'Rare event' analysis. One of the major advantages of FCM comes from its ability to obtain information from single cells identified inside a heterogeneous cellular population. A cell is considered 'rare' when the number of that specific subpopulation represents <0.001% of the entire population. For an analytical methodology o be adequate for this analysis inside a more prevalent population, it should overcome the sources of artifacts that become apparent only when a very large numbers of cells are acquired. Flow cytometry has allowed most of the studies of rare cell populations and the most recent machines allow the detection of cells that represent 0.0001% of the entire cell pool. Some examples of rare event problems that can be studied by FCM include the study of the minimal residual disease (MRD) in hematological malignancies, the detection and quantification of blood-circulating dendritic cell subsets, as well as of circulating endothelial cells and their progenitors and, more recently, of circulating tumor cells (12) (13) (14) .
Minimal residual disease in onco-hematology. Flow cytometry has become an essential tool for the characterization of hematological cancers and several technological improvements have allowed the identification of very small tumor populations that may survive after induction therapy, and represent the MRD. The wide choice of Abs used in MRD detection has helped to give a precise definition that identifies abnormal populations throughout the treatment. Improvements in FCM hardware have allowed for high rate of data collection and the availability of new fluorochromes have allowed the rare population of interest to be isolated with sufficient precision. This latter point, together with the low background signal, have allowed the detection of residual tumor populations in a population of normal cells. As far as the count of such rare events is concerned, the distribution is governed by Poisson statistics, so that precision increases when a higher number of cells is collected. In several hematological malignancies, identification of populations at frequencies of 0.001% and lower has been observed (49) . In the clinical setting, the quantitation of MRD by FCM has been shown to correlate with the relapse and survival rates in some hematological diseases; for this reason, evidence of MRD is sometimes taken as a parameter to change therapy during treatment protocols (50) .
Circulating dendritic cells. Dendritic cells (DC) are specialized phagocytes that possess a unique ability to sense perturbations in the tissue microenvironment and activate adaptive immune responses, whilst maintaining immunological tolerance. They are crucial antigen-presenting cells and play a primary role in antitumor immune response by controlling the initiation of the T cell-dependent immune response. Two peripheral blood DC subsets have been identified on the basis of their CD11c expression: The CD11c-negative (CD11c-) DCs (that express high levels of CD123), lymphoid-derived DCs, and the CD11c+/CD123-cells, myeloid-derived ones. In the last several years, several FCM studies have focused on the determination of the number and of the functional alterations of DCs and their subsets in different type of human cancers (51) . Some of these studies have been conducted to investigate the contribution of blood-derived DCs to the mechanisms of the immune responses of patients with advanced cancer; this might help in the selection of potential candidates for active immunotherapy trials (48) .
Circulating endothelial cells and endothelial progenitors.
Circulating endothelial cells (CECs) represent a promising tool for the monitoring of the treatment response and of the clinical outcome in oncological patients, whereas endothelial progenitor cells (EPCs) are a blood-circulating cell population that is able to form endothelial colonies in vitro and to promote vasculogenesis (52) . Both these cells have been proposed as non-invasive surrogate biomarkers of cancer angiogenesis. Their baseline number and kinetics in cancer patients have been widely studied and several previous experiences have demonstrated that they can be affected by both disease status and anti-cancer treatments (53, 54) . Multiparameter FCM has been commonly used to quantify CECs and EPCs and their subpopulations, but this is still technically challenging, because at the moment there are no standardized protocols for their identification and counting. Major limitations include: i) Multiple flow cytometric protocols and methods; ii) heterogeneity in sample processing phases; iii) absence of consensus on standardized and validated MoAb panels for CECs and EPCs; iv) specific compensation and gating strategies; v) application of specific data analysis programs. The lack of a consensus on a valid CEC and EPC phenotypic definition and the multitude of the used flow cytometric methods have resulted in a great heterogeneity in the reported blood levels of CECs and EPCs, which limits the impact of the obtained data in clinical practice (53) .
Circulating tumor cells. In the last 10 years, circulating tumor cells (CTCs) have been widely studied as new biomarkers, because they provide a non-invasive source of tumor material that can be evaluated throughout all the stages of disease management (including monitoring the response to therapy, identifying possible therapeutic targets, and assessing the development of drug resistance) (55) (56) (57) . Blood-isolated cells can be used for phenotypic analysis, tumor genotyping, transcriptional profiling, as well as for ex vivo cell cultures (58) . Prognostic value of CTC enumeration has been shown in several types of epithelial tumors and a worse survival has been observed in patients with a higher number of CTCs in breast, prostate, and colorectal cancer. Recent findings about CTCs suggest that the mere enumeration at a certain moment may not be sufficient as a prognostic and predictive biomarker. In particular, it is now known that CTCs are actually a heterogeneous population and the genetic and phenotypic characteristics of tumor cells can change over time, especially in those patients who undergo active treatments. Therefore, not only should CTCs be counted, but they should also be characterized at different moments of the care pathways. Moreover, CTC characterization could provide fundamental information about genotypic and phenotypic features of a tumor, thus sparing the patient the stress of an invasive procedure. There are a variety of novel technologies that are currently under study and development for the detection and analysis of rare circulating cells in cancer patients (56) .
Flow cytometry was one of the first techniques used for the detection of blood CTCs (55) . It is an excellent tool for this purpose, because it possesses the ability to easily recover viable cells with high purity that are suitable for downstream molecular analysis. In recent years, different automated cytometry techniques have been employed to further subdivide CTCs according to tumor origin and proliferative/invasive capacity, and FCM remains promising in this field. However, as a general consideration, although CTCs are already used in clinical trials as a possible biomarker, their routine clinical utility is still under active investigation.
Role of automated cytometry in cancer immunotherapy
A wide variety of automated cytometry technologies are being explored to be clinically implemented as a possible help in the management of new immunotherapeutic strategies in clinical oncology. In fact, sensitive and accurate assays that determine the presence of cancer biomarkers and host immune responses may allow clinicians to more effectively determine the therapeutic response and allow better treatment strategies Other reliable technologies detect the presence of micrometastases and will allow routine and frequent testing after treatment and during remission or focus on the features of the tumor microenvironment that possibly hinder immunotherapy (58) .
These technological assays do represent important challenges for bioengineers that hopefully may soon help translate the promise of immunotherapy into reality. This could be realized by developing the needed assays for effective patient monitoring.
Clinical cytometry has evolved from a technique that was primarily used to characterize large populations of abnormal cells to one that can routinely evaluate small populations of cells with abnormalities in antigen expression. These advances have expanded in recent years and the technique has become refined enough to be routinely applied to immunophenotyping.
Flow cytometry traditionally uses fluorochrome-labelled probes to identify cells expressing the target of those probes. A new platform for FCM has been developed and this includes the precision of mass spectrometry. The fusion of the two technologies, termed mass cytometry (cytometry by time-of-flight, CyTOF), provides the simultaneous measurement of over 40 parameters at a single-cell level, significantly increasing the possibility to evaluate complex cellular systems. In mass cytometry, the fluorescent probes are replaced by heavy metal isotopes that are chelated to a polymer, covalently linked to antibodies. After staining with these probes, cell suspension is introduced via an aereosol stream onto a plasma column, resulting in an ionization of the labelled cells. The heavy ions (derived by each single cell) are then focused into a time-of-flight detector (15, 59) .
Both conventional FCM and mass cytometry allow the quantitation of multiple parameters in lots of individual cells by combining different phenotypic and functional markers and have the potential to give information on immune responsiveness in cancer patients. In particular, they are suitable to study the functional heterogeneity of cancer cells and to define predictive biomarkers for immunotherapy.
However, there are some technico-metodological warnings that need taking into account. In both analytical platforms, FCM and mass cytometry, there can be loss of cells in sample preparation and washing steps, although mass cytometry generally requires more washing steps than fluorescence assays. Collection speed is also much lower in mass cytometry (300-500 events per second, compared to several thousand event/second in fluorescence cytometry). Cells for these assays need to be in single-cell suspensions and debris and cell aggregates can interfere with the interpretation of data. Because of the potential cell loss, samples with <10 5 cells are usually not appropriate for either FCM or mass cytometry. Finally, both assays require good viable cells and this can be compromised by overnight shipping of blood.
Conclusions
Immune monitoring has become an essential tool in the field of new cancer immunotherapy and to clarify the mechanisms at the basis of a successful treatment. Flow cytometry is the typical multi-parameter analytical assay for the characterization of single cells in solution, and it has been largely utilized in preclinical immunology as well as in cancer immunotherapy trials. Applications of FCM in cancer immune monitoring include the characterization of tumor-antigen specificity of a patient's T cells by peptide-MHC multimers, the intracellular staining for effector cytokines, the evaluation of cytotoxicity, the measurement of the proliferation and the assessment of immune cells.
Mass cytometry is a relatively novel technology similar to FCM that has emerged as a competitive technical approach for multi-dimensional, single cell analysis. The use of probes that are labelled with heavy metal ions rather than fluorescence probes and then detected with time-of-flight mass spectrometry may allow the simultaneous detection of up to 40 parameters. The application of both techniques in the field of cancer immunotherapy is very promising and a number of related applications are under development. If implemented, this may allow for the generation of large amounts of multidimensional data that are amenable to high through-put analysis and this may offer unique opportunities and challenges for the field of biomarker development. The use of these powerful techniques will answer a multitude of questions with just one sample being analyzed and this will likely help to tailor cancer immunotherapies to each patient.
Given the technical complexity of both assays, reproducibility still represents a problem and this strongly underlines the need for a standardization at various levels, such as sample handling procedures, instrument set up, gating and analysis strategies and data reporting systems. Overcoming these challenges will make this technique perfect to optimize cancer immunotherapy, since we may learn more from clinical trials and we will be able to better predict how each individual patient should be treated. This will turn immunotherapy into a fundamental therapeutic strategy for a larger number of patients.
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